Abstract Griseofulvin may combine with tubulin as a component of microtubules and, at high doses, inhibits microtubule formation in mammalian cells. In this study, the author examined the effects of three various 2Ј-substitutive derivatives of griseofulvin on microtubule distribution in Chinese hamster V79 cells. The results showed that 2Ј-demethoxy-2Јpropoxygriseofulvin was the strongest inhibitor of a normal cytoplasmic microtubule network, unlike findings in previous in-vitro studies.
Introduction
Griseofulvin (1) was isolated from Penicillium griseofulvum DICK and as a "curling factor" from P. janczewskii Zal., and its structure and biological properties have been reported [1] . We used deuterium as a stable isotopic tracer; a biosynthetic study of 1 and stereo-specific microbial transformation for 1 were reported previously [2ϳ5]. 1 has been used clinically to treat tinea pedis (athlete's foot). Recently, studies aiming at application for cancer therapy have been reported [6, 7] .
The mechanism of action of 1 involves alterations of microtubules and at high concentrations the drug has effects in human cells. 1 may bind to tubulin and, like colchicines and vinblastin, when combined with tubulin as a component of microtubules, it inhibits microtubule formation [8, 9] . Using the viscosity detection method to assess the polymerization and depolymerization of tubulin, it was found that 1 and derivatives 2ϳ4 were equally potent [10, 11] .
In this study, the effects of 29-demethoxygriseofulvin (2) and its 29-substituted derivatives (3 and 4) on microtubule distribution in the Chinese hamster V79 cell were examined. Results show that 2Ј-demethoxy-2Ј-propoxygriseofulvin (3) has the strongest inhibiting activity on microtubule formation of the test compounds.
Materials and Methods

Materials
Griseofulvin (1) was purchased from Nippon Kayaku Co., Ltd. 2Ј-Demethoxygriseofulvin (2), 2Ј-demethoxy-2Ј-propoxygriseofulvin (3) and 2Ј-demethoxy-2Ј-methylgriseofulvin (4) were prepared as described previously [12ϳ14] . These structures are shown in Fig. 1 . Fetal bovine serum (FBS) was obtained from GIBCO after lot-checking.
Cell Culture
The cell culture was essentially the same as that described in the previous paper [15] . Chinese hamster V79 cells were grown in monolayer culture in Eagle's minimum essential medium (MEM, Nissui Pharmaceutical Co., Ltd., Tokyo) with 10% heat-inactivated FBS.
Relative Plating Efficiency
This method was essentially the same as that described in a previous paper [15] , except that 1, 2, 3 and 4 were used as the samples. The relative plating efficiencies in the presence of different concentrations of the samples were determined as the ratio of the number of colonies at a given drug concentration to that obtained in the control culture in the absence of any samples. Two hundred cells were seeded on 60/15-mm Petri dishes in 4 ml of MEM with 10% FBS. At 24 hours after seeding, the samples dissolved in DMSO (4 m l) were added to the culture for 48 hours. Then, the medium was replenished, and the culture was continued for 48 hours without drugs. The dishes were fixed with methanol and stained with 7% Giemsa solution. The number of colonies (Ͼ50 cells/colony) was counted under a dissecting microscope.
Indirect Immunofluorescence
All of the experimental conditions were essentially the same as described in the previous paper [15] , except that 1, 2, 3 and 4 were used as the samples. Cells were fixed, treated with 1% Triton X-100 in phosphate-buffered saline (PBS), preincubated for 30 minutes with 2% dry milk in PBS at room temperature, and then incubated for 1 hour with 20 m l per well of mouse monoclonal anti-btubulin antibody (10ϳ20 m g/ml; Amersham Laboratories, Buckinghamshire, U.K.) at 37°C. Following three 5 minutes rinses in PBS containing 2% dry milk, the cells were further incubated for 1 hour with fluorescein isothiocyanate (FITC)-conjugated sheep anti-mouse IgG1 (125 mg/ml; Binding Site Ltd., Birmingham, U.K.) at 37°C. Following a 15-minutes rinse in PBS containing 2% dry milk, and then in PBS, the wet slides were mounted in FA mounting fluid at pH 9 (Difco Laboratories, Detroit, MI). The slides were examined and photographed with Fujicolor Super HG 400 (ASA 400) film under a 100ϫ Olympus Dapo UV lens, using an Olympus BHS-RFK fluorescence microscope with an Olympus PM-10ADS autophotography system. We also observed 100ϳ200 cells in interphase and counted the number of cells showing a normal microtubule network. Our criteria for identifying cells that did not have a normal microtubule network were: (a) the presence of microtubule fibers or a layer wrapped around the nucleus; (b) aggregates and/or fragments of microtubules present in the cytosol. Each value obtained indicated the percentage of cells with a normal microtubule network. Similar experiments were performed twice.
Results and Discussion
Cytotoxicities of 1, 2, 3 and 4 against V79 Cells
The cytotoxicities of all four compounds in V79 cells were obtained by determining the relative plating efficiency when cells were treated with various concentrations of the drugs for 48 hours. As shown in Fig. 2 , the IC 50 (the concentration required for the 50% inhibition of colony formation) was 8 mM for 1, 0.9 mM for 2, 0.7 mM for 3 and 1.2 mM for 4. Based on the above findings, 3 showed the highest cytotoxicity among the samples tested, revealing that 3 exhibits stronger cytotoxicity than 1, unlike the in vitro effect on microtubule proteins noted previously. Thus, we decided to examine the effects of these compounds on cellular microtubule networks.
Effects of 1, 2, 3 and 4 on Cellular Microtubule Networks
Next, the effects of all four compounds on cytoplasmic microtubules were investigated. Interphase cells in unsynchronized cultures were examined by the indirect immunofluorescence method employing anti-b -tubulin antibody. In untreated control cultures, the proportion of normal cells was 83%. Cells treated with various concentrations (1ϳ30 m M) of 1, 2, 3 and 4 for 1 hour changed their morphology to a round shape with an accompanying abnormal architecture of the cytoplasmic microtubules (Fig. 3) . The EC 50 (the concentration required for the 50% disruption of the microtubule network) was 12 mM for 1, 5 mM for 2, 0.6 mM for 3 and 15 mM for 4. These findings also clarified that 3 damaged most markedly the microtubules formation in the cytoskeleton similarly to the above results of the cytotoxicity.
The results of the relative cytotoxicities and effects on cellular microtubule networks are in good correlation, but they are not in agreement with effects on in vitro microtubule polymerization. It was observed in the cell system experiment that the cellular incorporation rates of these compounds were influenced by the substituents at 2Ј-position and that a higher incorporation rate was obtained with 3. This may be the reason for the incompatible results reported from in vitro and in vivo experiments mentioned above, with 3 possibly being taken up by cellular microtubule systems more efficiently. Consequently, 3 may exhibit stronger effects on cancer cells than 1 because it interferes with microtubules similarly to the vinca alkaloids and taxanes, which are important chemotherapeutic agents for the treatment of cancer. From this experimental data, it is expected that the activity of 3 will be enhanced by structure modifications. Cells were treated with griseofulvin derivatives (1, 2, 3 and 4) for 48 hours at various concentrations. Fig. 3 Effects of griseofulvin derivatives (1, 2, 3 and 4) on the microtubule network in Chinese hamster V79 cells.
Cells were treated with various concentrations of griseofulvin derivatives (1, 2, 3 and 4) for 1 hour; thereafter, the cells were stained and the number of cells with normal microtubule networks was counted, as described in the "Materials and Methods."
